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A summary of participants’ results for the coupled aerostructural simulation test case from the Sixth AIAA
Computational Fluid Dynamics Drag PredictionWorkshop held inWashington, DC, 16–17 June 2016, is presented.
The test case focuses on a static aeroelastic simulation of NASA’s CommonResearchModel civil transport aircraft in
the wing/body configuration (i.e., without engines, pylons, and empennage). Flow conditions include the design point
lift coefficient CL  0.5 0.0001 at cruise flight. Aeroelastic simulations are performed on the “medium” baseline
grid, coupled to a computational structural analysis, using either an existing finite element model or modal data.
Experimental validation data for this test case are available from a wind-tunnel test campaign performed at the
European Transonic Wind Tunnel in Cologne, Germany.
I. Introduction
T HE aerodynamic performance of an aircraft strongly dependson its wing design and aeroelastic characteristics. The accurate
calculation of aerodynamic parameters is of significant importance
during the design and analysis of an aircraft configuration. Over
the last two decades, the field of Reynolds-averaged Navier–
Stokes (RANS) based Computational Fluid Dynamics (CFD)
has significantly progressed regarding robustness, efficiency, and
the capability to handle complex configurations [1,2]. Today,
incremental aerodynamic coefficients of typical transonic aircraft can
be calculatedwith acceptable accuracy, both around the cruise design
point and for nonseparated flows in general. However, regarding
absolute values and increments at off-design conditions near the
edges of the flight envelope, significant challenges still exist to
accurately compute aerodynamic data andmodel the underlying flow
physics.
Based on these challenges, a working group of the AIAA
Applied Aerodynamics Technical Committee initiated the CFD
Drag Prediction Workshop (DPW) series‡ in 2001, resulting in six
international workshops to date. Participants and committee results
have been summarized in more than 120 papers [3–7]. DLR’s
Institute of Aerodynamics and Flow Technology is supporting DPW
as a committee member and participant [8–12]. The second author is
a DPW committee member and has been a participant in past DPW
workshops [13–16].
Starting from DPW-4, the NASA Common Research Model
(CRM)§ civil transport aircraft configuration (depicted in Fig. 1),
designed by NASA’s subsonic fixed-wing technical working group
and by Vassberg et al. [17], has been used as the reference geometry.
Geometrical and experimental data of the model are found on the
NASA CRM website (see footnote §).
The sixth workshop had a focus on drag increment, grid adaptation,
and, following observations from the fourth and fifth workshops,
aeroelastic studies. Test cases include five series of computations.¶
This paper summarizes the participants’ results for the aeroelastic
simulation to be performed in the optional test case 5. The test case
is focused on an investigation of static aeroelastic effects of the
CRM wing/body (WB) configuration at M∞  0.85 and
CL  0.5 0.0001, where significant wing deformation is expected.
CFD simulations are run on the medium baseline grid level and are
coupled to a computational structural analysis model using a finite
element model supplied by NASA and constructed using the
commercially available structural analysis code NASTRAN.** The
finite element model (FEM) is based on a detailed representation of
the actual CRM wind-tunnel model and is illustrated in Fig. 2. The
model is constructedwith nacelles and pylons as separate components,
which can be included or removed from the model as desired. The
FEM model is constructed entirely of tetrahedral elements (total of
approximately 6.8 million elements) and a detailed illustration for the
casewith removed nacelles and pylons (i.e., case 5 herein) is provided
in Fig. 2. Please note that, although the test case uses the WB
configuration, the structural model includes a horizontal tail as shown
in the figure. However, because coupling between CFD and structural
analysis is limited to wing deflections only, the presence of the tail
plane has been considered negligible.
The FEM model can be used either directly with compatible
structural solvers to compute the CRMwind-tunnel model structural
response or can be used to generate modal shapes and frequencies
(eigenmodes and eigenvectors) for use in a simplifiedmodal analysis.
For this purpose, the DPW committee has computed the first 30
modal shapes and frequencies based on the FEMmodel with nacelles
removed. The modal information was computed using the Lanczos
algorithm in the Abaqus commercial software. The first eight
mode shapes are depicted in Fig. 3, and the frequencies for these
modes ranges from 39.36 to 128.37 Hz for the first and eighth mode,
respectively. The finite element model and the first 30 mode
shapes and eigenfrequencies are available via the CRM website
(see footnote §).
Static aeroelastic wing deflections are calculated, starting from the
undeformed geometry. Computed results of lift, drag, pitching
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moment, sectional lift and pitching moment, wing section static
pressure and skin friction coefficients at specified spanwise locations,
locations of flow separations on the wing and side of body, and wing
bending and twist deformation were requested. A total of four data
sets were provided for case 5. The participating teams are listed in
Table 1.
II. Numerical Simulations
This section gives an overview of the numerical methods used by
the participants forCFD, computational structuralmechanics (CSM),
interpolation of aerodynamic loads, andmesh deformation. A typical
example for a static aeroelastic simulation approach is shown in Fig. 4
for illustration purposes.
Case 5was optional, and data were submitted by four teams, out of
a total of 25 participating teams in theDPW-6workshop [18]. Table 2
lists the main features of the individual aeroelastic simulation
approaches used by the participants. The data set keys were defined
by Tinoco et al. in [18].
Regarding the basic fluid–structure interaction (FSI) method, three
participants (J4, L2, and T1) apply a linear static coupling approach,
where the structural system equations are solved within each coupling
Fig. 1 NASA Common Research Model, including wing, body, nacelles, and pylons.
Fig. 2 Illustration of structural model for CRM wind-tunnel model.































































loop. Team V5 uses a linear modal approach. Here, a set of normal
modes is computed before starting the actual FSI simulation, and the
static deflections are assembled through a superposition of modes in
each coupling loop. All participants use different finite volume flow
solvers and turbulence models. T1 uses the common multiblock CFD
mesh, all others use custom unstructured (J4, L2) or structured (V5)
Fig. 3 Illustration of first eight modes for CRM structural model with removed nacelles.































































meshes. Interpolation of aerodynamic forces between the CFD surface
mesh and the structural model surface is performed using a nearest-
neighbor search algorithm (teams J4, L2, andV5) or a thin-plate spline
(teamT1). Themodel suspension in the structural analysis is located at
the intersection line between wing root and belly fairing for teams
J4 and T1 and at the balance interface for team L2. The boundary
conditions in the modal analysis (team V5) are equivalent to a
suspension at the model’s center of gravity. Mesh deformation
algorithms used include radial basis functions (RBF, teams J4, L2,
and T1) and linear torsional springs analogy (LTSA, team V5).
Unfortunately, the NASTRANbulk data file provided on the CRM
website (see footnote §) did not include any definition of boundary
conditions for the system matrices, leaving the structural analysis
problem statically undetermined. As a result, the teams used differing
locations for the model suspension (cf. Table 2). The correct
suspension (i.e., the one corresponding to the actual model
attachment in the wind tunnel) is inside the fuselage at the inner
cylindrical surface of the balance interface. At this location, the
model is mounted to the internal wind-tunnel balance during the test.
With the wing root suspension used by two participants, zero
deflection is prescribed along the junction line between wing and
belly fairing. This suspension results in neglecting the compliancy of
the structural components located between balance interface and
wing root, leading to smaller deformations. Generally, the different
model suspensions used in the structural analysis cause minor




The Reynolds-averaged Navier–Stokes flow solver TAU [19] has
been developed atDLR starting in themid 1990s. The code originates
from the German CFD project MEGAFLOW [19–21], which has
integrated developments of DLR, aircraft industry, and universities.
Today, the software package is continuously upgraded and expanded
by the institute’s Center for Computer Applications in AeroSpace
Science and Engineering department and is used by DLR and
European partners in industry, research, and academia.
TAU is an edge-based finite volume unstructured solver that uses
the dual grid technique and fully exploits the advantages of hybrid
grids. The numerical scheme is based on the finite volume method
and provides different spatial discretization schemes, like upwind
and central [19]. The central scheme is of second-order accuracy and
employs the Jameson-type of artificial dissipation in scalar and
matrix mode [22,23]. Time integration is performed using both the
explicit Runge–Kutta multistage and the lower-upper symmetric
Gauss–Seidel (LU-SGS) schemes. TAU has been developed with
a particular focus on industrial aeronautical applications, thus
providing techniques like overlapping grids for treating unsteady
phenomena and complex geometries. A detailed description of TAU
is provided in [19].
For DPW-6, TAU was used to compute steady RANS solutions
with LU-SGS time integration, central spatial discretization, and the
newmatrix dissipation formulation available in release 2015.2.0. The
negative version of the Spalart–Allmaras turbulence model (SA-neg)
[24] was used for these calculations.
2. CMSoft, Inc. AERO-F
AERO-F is a three-dimensional compressible Euler/Navier–
Stokes arbitrary Lagrangian Eulerian finite volume flow solver.
It features state-of-the-art RANS and detached- and large-eddy
simulation turbulence models. It operates on unstructured hybrid
meshes that can be static, rigidly moved in time by a flow-driven
motion of a six-degrees-of-freedom rigid body, or deformed and
possibly reconfigured by a movable surface. These can also be
simultaneously moved and deformed in time by a prescribed surface
motion and/or deformation or a coupling with the dynamics of a
flexible structure. AERO-F can also perform linearized simulations
for rapidly predicting the response of a flow to perturbations and
compute the sensitivity of output results to variations of shape and
flow parameters. The Spalart–Allmaras turbulence model with
quadratic constitutive relation (QCR) modification (SA-QCR2013)
[25] was used in these calculations.
3. TRIP
The TRIPCFD code has been developed at the China Aerodynamic
Research andDevelopment Center (CARDC). TRIP solves the RANS
equations using a discretization based on a finite volume approach for
multiblock structured meshes. The computations done for this case
made use of the 2003 version of the shear stress transport (SST)
turbulence model (SST-2003) [26].
4. CFD++
CFD++ is a commercially available RANSCFD solver distributed
by Metacomp Technologies, Inc. CFD++ makes use of a unified
unstructured higher-order total variation diminishing interpolation
convection scheme. A positivity-preserving Riemann-solver-based
flux computation is used, and both cell and vertex-based polynomial
reconstruction are available. CFD++ makes use of an algebraic
multigrid agglomeration linear solver for enhanced convergence to
steady state. The realizable k − ϵ turbulencemodelwas used for these
calculations.
B. Structural Solver
Although the structural model of the CRMwind-tunnel model was
built using NASTRAN and provided as part of the workshop,
participants were free to use their method of choice for computing the
structural response of this model. Of the four participants, three used
a linear finite element approach and one used a linear modal
approach. Data set L2, using the TAU CFD code, employed the
commercially available NASTRAN code to compute the structural
response. Linear, static analyses were performed using NASTRAN’s
solution sequence 101. The model suspension boundary condition
was defined at the balance interface.
Table 1 Test case 5 participants




11 L2 DLR e.V. Germany Government
19 T1 CARDC China Government
21 V5 Embraer S.A. Brazil Industry
Fig. 4 Numerical simulation procedure for aeroelastic analyses.































































Data set J4 (using CFD++) employed the CSM structural
analysis software distributed by Metacomp Technologies, Inc.
CSM is a finite-element-based structural solver that can be used
to perform static, transient, and eigenmode analyses. The model
suspension boundary condition was defined at the wing root.
Data set V5 (using CMSoft, Inc. (CMS) AERO-F) employed a
linear modal analysis. In this case, the mode shapes and frequencies
were not taken directly from those provided by theDPWcommittee,
but rather were computed independently using NASTRAN
assuming a linear structure. The first 10 modes were used in the
structural analysis computations. The model suspension boundary
condition was defined at the center of gravity of the model in
this case.
Data set T1 (using TRIP) performed a reduction of the stiffness
matrix for the structural model and computed the structural response
outside of NASTRAN using a linear static finite element structural
solver. The model suspension boundary condition was defined at the
wing root for this case.
C. Force Interpolation Methods
1. Nearest-Neighbor Search
Nearest-neighbor search algorithms enable a conservative
interpolation of aerodynamic forces between meshes with largely
varying spatial resolution differences [27] or when connectivity
data of the finite element surface nodes are not available. For a
given CFD face centroid i, the nearest neighboring CSM grid point
j is identified and a force component Fj;CSM and associated
moment Mj;CSM  Fi;CFD × Δrij are mapped to node j, as shown
in Fig. 5. Alternatively, the force and moment values can be
projected onto the basis functions of the closest FEM surface
element. In both cases, the transpose of the CFD to CSM
interpolation matrix is used to propagate the structural deflections
back to the CFD surface mesh, thus ensuring the principle of
conservation of virtual work.
2. Thin-Plate Spline
Data set T1 used the thin-plate spline approach for interpolating
forces from the CFD surface to the structural model and for returning
displacements from the structural model to the CFD mesh. In this
approach, the structural model is idealized as a planar surface and
displacements are projected onto the CFD surface mesh using a two-
dimensional spline formulation.
D. Mesh Deformation Algorithms
Various approaches for deforming the CFD mesh in response to the
displacements generatedby the structuralmodel havebeendeveloped in
the literature. These include spring analogy methods, linear elastic
analogies, and interpolationmethods, suchas thosebasedon radial basis
functions. Three participants employed the latter radial basis function
approach. This technique is appealing because it does not require any
knowledge of theCFDgrid connectivity and scales only as a function of
the number of surface mesh points. The method has been shown to
produce smooth deformedmeshes that are resistant to the production of
negative volume cells. However, the radial basis function approach
results in a dense matrix system to be solved, which can become costly
for very fine surface meshes. The straightforward spring analogy
method iswell known tobe less robust than alternative approaches, such
as linear elastic and radial basis functionmethods. Data set V5 employs
an augmented approach that makes use of torsional springs, which
substantially increases the robustness of this approach.
III. Results
In Fig. 6, the chordwise distribution of static pressure coefficient is
plotted. Four spanwise sections between η  0.131 and η  0.950
were selected for comparison. Sectional static pressure data have
been submitted by teams J4, L2, andT1. Experimental validation data
have been taken from a test campaign performed at the European
Transonic Wind Tunnel (ETW) in Cologne, Germany, as part of the
European research project European Strategic Wind Tunnels
Improved Research Potential.††
A generally good agreement is found between the different
participants and measured data. With all three teams, shock location is
predicted somewhat downstreamof the experiment. Shock location for
teams J4 and T1 is predictedmore upstream comparedwith L2. This is
believed to be due to the one-equation turbulence model used by L2,
whereas J4 and T1 have used a two-equation model. Differences
observed in the pressure distributions on the lower wing surface are
very small, indicating that only minor deviations in local angle of
attack (i.e., spanwise wing twist distribution) occur. In summary, the
aeroelastic effects appear to be correctly captured by all participants.
Figures 7a and 7b show the spanwise wing bending and twist
distributions, repsectively. Numerical results are compared with ETW
Fig. 5 Force mapping between CFD and CSM meshes.
Table 2 Overview of aeroelastic simulation methods used for test case 5
Data set key J4 L2 T1 V5
Structural modeling Linear static Linear static Linear static Linear modal
Flow solver Finite volume Finite volume Finite volume Finite volume
Solver name CFD++ TAU TRIP CMS AERO-F
Turbulence model Realizable k − ε SA-neg SST-2003 SA-QCR2013
Model suspension Wing root Balance interface Wing root Center of gravity
Force interpolation Nearest neighbor Nearest neighbor Thin-plate spline Nearest neighbor
Mesh deformation RBF RBF RBF LTSA
††Data available online at http://www.eswirp.aero/ [retrieved 14 June
2017].































































deformation data from run no. 182, data point no. 531 (α  2.99 deg,
CL  0.514). Bending deflections are given inmillimeters and refer to
the 0.027% scale wind-tunnel model. For bending, the best agreement
is found for teamV5. Here, the maximum deflection deviation at wing
tip is Δw  −0.19 mm, followed by teams J4 (Δw  −1.80 mm)
and L2 (Δw  −2.18 mm). The largest deviation occurs for team T1
atΔw  −4.11 mm. It is assumed that the deviationsbetween the four
teams are caused by a combination of differences in the wing’s
sectional and spanwise loadings, indicated by the static pressure
distributions in Fig. 6, which increase toward the outboard wing
sections, and the structural analysis methods used. Apart from that, the
deflection curve progression over span is very close to measured data
for all participants. This also indicates that the spanwise lift
distributions between the different teams match very well. However,
no spanwise lift data are available to support this assumption.
The aerodynamically more relevant twist deformation is plotted in
Fig. 7b. Here, the differences between the finite element model
suspensions become more apparent than for bending. For teams J4
and T1, who used the model suspension at the wing root, the twist
deflection and spanwise deflection gradient at the innermost wing
station are very close to zero, whereas themeasurements showa small
deflection and nonzero gradient caused by the compliance of the
wind-tunnelmodel structure. Thewing rootmodel suspension affects
twist on the inboard wing up to approximately 30–40% span. Twist
deflection results for participants T1 and V5 show a steeper gradient
over most of the span compared with the experimental data. It is
assumed that these differences are caused by differences in the
structural analysis methods used (cf. Sec. II.B). Unfortunately, no
sectional lift and moment data, which would enable a more detailed
deformation result analysis, have been submitted by the participants.
The results are consistent with similar static aeroelastic results
produced by participants at the first Aeroelastic Prediction
Workshop, which focused on dynamic aeroelastic problems, but
also included a static aeroelastic test case [28]. However, in this first
Aeroelastic Prediction Workshop, computations were performed
using linear modal analysis because the modes were interpolated
Fig. 6 Wing static pressure distributions.
Fig. 7 Wing deformations.































































directly onto theworkshopCFD surfacemeshes and provided as such
by the committee, for ease of use.
Figure 8 depicts the computed lift, drag, andpitchingmoment, aswell
as the incidence obtained with the prescribed CL condition for the four
aeroelastic data sets. Thevertical axisminimumandmaximumvalues in
each subfigure indicate the ranges of the aggregate results obtained in
case 2. Keeping in mind that these results are obtained on meshes
representative of the medium workshop meshes, the mean and the
spread of the results compare relatively well with the aggregate results
obtained using the predetermined aeroelastically deflected grids used in
case 2 for the workshop. Of these, only the pitching moments for two
data sets (out of only three provided) appear to be at the edge of the range
(more negative) of those reported in case 2.Given the range of grid types
and turbulence models used in this sparse data set, it should not be
surprising that the spread is slightly larger when the additional effect of
aeroelastic deflection is included in the simulations. To drawmeaningful
conclusions, a larger data set involving more participants including
subsets using the same turbulence models and grid types would be
desirable.
IV. Conclusions
A generally good agreement was found between the teams
participating in test case 5. Deviations from the experimental data
observed for chordwise shock location were on the order of magnitude
expected from medium-density grids. Additional influence factors
likely are differences in wing twist distribution between the individual
participants and the different turbulence models used. Some
discrepancies were also found for the slope of the spanwise twist
curve. At the wing root, these were traced back to different boundary
conditions applied to the structural model. Other deviations from the
experimental data are assumed to be caused by differences in the
structural analysis methods used by the participants. Although
aeroelastic simulations are increasing in importance, the fact that only 4
out of 25 participants chose to perform the optional case 5 in DPW-6
indicates that coupled static aeroelastic computations remain the
exception rather than the norm in the current state of the practice.
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